We report a new method to introduce metal atoms into silicon wafers, using negligible thermal budget. Molecular thin films are irradiated with ultra-violet (UV) light releasing metal species into the semiconductor substrate. Secondary ion mass spectrometry (SIMS) and X-ray absorption spectroscopy (XAS) show that Mn is incorporated into Si as an interstitial dopant.
fluorescence mode using a 13 element Ge detector and 0.9 eV excitation energy resolution. After UV irradiation, a Piranha clean removed any Mn-rich surface residue prior to SIMS and XANES analyses, resulting in a uniform surface SiO 2 layer.
MPc's are efficient light absorbers due to π-π* transitions corresponding to excitation from the molecular ground state to the first and second excited states in the visible and near-UV regions respectively [14] . UV-Vis measurements allow us to monitor the rate at which the MnPc film is degraded during exposure to the UV lamp array, as shown in Figure 1 . The spectrum of the initial MnPc film agrees with previous work [15] , confirming its integrity before UV exposure. Upon increasing irradiation, the intensity of the characteristic MnPc absorption spectrum decreases in a controlled manner until after forty minutes it is no longer detectable, thus demonstrating that the molecules have been modified and/or removed. The disappearance of the absorption profile corresponds to photo-decomposition [16] , as processing temperatures remain below 60 °C and so are insufficient to sublime the molecules or induce structural changes [17] . From energetic considerations, the first dissociation step is the rupturing of the lowest energy C-N bonds, resulting in the formation of pyrrole-and benzene-rich fragments, which themselves will be further decomposed by the 172 nm photons [18] . This destabilises the metal-ligand bond leading to the release of the metal atoms, whilst other UV-assisted mechanisms aid transfer to the substrate, as discussed below.
Further analysis of the chemical composition of the surface and bulk Si after forty minutes of UV exposure has been performed using SIMS. Initial studies showed a high Mn concentration accompanied with oxygen enrichment before the substrate was reached, followed by a decreasing manganese profile within the silicon. This is consistent with surface manganese oxide, in agreement with other reports [16] and the broad UV-Vis peak below 500 nm ( Figure 1 ) [19] . Therefore, to avoid introduction of Mn due to beam-induced mixing [20] , and to focus on the Mn that has been incorporated into Si exclusively by the UV process, all degraded samples were Pirhana cleaned to remove any Mn-rich surface contaminants. Figure 2 .a shows a sample that has been UV-treated and subjected to a Piranha clean. Even after cleaning, we observe a stable Mn presence which extends for depths of up to 95 nm. Numerous analyses were performed on the bare wafer (for example, as shown in Figure 2 .b) and on Pirhana cleaned as-deposited MnPc films, none of which showed any traces of Mn. This confirms that the UV (rather than chemical) process leads to Mn incorporation. We estimate a Mn concentration of 7x10 20 atoms/cm 3 from the SIMS profile in Figure 2 .a using the relative sensitivity factors [21] . Spatial composition mapping highlights lateral inhomogeneities and 
We find D ~ (0.8 ± 0.1) x 10 −15 cm 2 /s at room temperature, which is close to the reported value for interstitial Mn in Si as determined by deep level transient spectroscopy and the Hall effect (2.8x10 -15 cm 2 /s) [23] . We note that the preferential formation of interstitial Mn is consistent with reports elsewhere [24, 25] . The relatively constant Mn concentration observed in Figure 2 .a is contrary to the decrease of ~ 10% expected over a depth of 30 nm using equation 3. This is likely to be due to Whilst our experimental results have established that the Mn atoms are in a neutral oxidation state surrounded by silicon, it is unlikely that they form pure, stable bulk silicides. This is seen in the subtle discrepancies in the XANES and EXAFS spectra, suggesting differences in the Mn-Si distance and/or co-ordination number, whilst SIMS imaging shows a low Mn:Si ratio (~1:70) combined with an absence of Mn-rich clusters. Instead, the XANES spectrum agrees very well with that of dilute (isolated) Mn in Si systems, which in turn differs significantly from substitutional Mn:Si [27] . The XAS analysis therefore confirm our interpretation of interstitial doping.
We deduce that once the Mn atoms are released from the organic macrocycle they reach the Si substrate and are introduced into its bulk via various photo-assisted mechanisms. Under equilibrium conditions, incorporation of interstitial Mn into Si typically requires ~2.5-3.2 eV [24] , which is amply provided by the 172 nm (7.2 eV) lamps. We note that a thin SiO 2 layer re-growth would not block Mn diffusion [28] . Presumably, the macroscopic Mn inhomogeneity arises from surface or bulk inhomogeneities in the original wafer, associated with recombination-enhanced diffusion due to UVgenerated electron-hole pairs during illumination [29] . If so, the effects might be diminished by decreasing the UV exposure time and reducing the precursor film thickness.
A major advantage of our technique is its potential for lateral control of dopant positions at the nanoscale. Different MPc packing arrangements on substrates would lead to linear, nearly square or random molecular templates [30, 31] . Fine-tuning of dimensions could be achieved by ligand choice, whilst co-depositing different species could extend the scheme to multiply-doped systems. Accurate control over the time of UV treatment would be essential for the creation of arrays: sufficient to incorporate the Mn atoms but short enough so as not to promote lateral diffusion when illuminated.
We note that temperature can also be used to control dopant diffusion. Interstitial Mn diffuses relatively fast at room temperature, quickly disturbing any ordering: Mn would diffuse by a distance of d ~ (Dt) 1/2 = 1 nm after a time t of 12 seconds (using our derived value of D). However, the low thermal budget means such difficulties could be overcome by sample cooling during and after preparation; the use of dry ice (193 K) would reduce Mn diffusion to ~1 nm in a year, whilst even fast diffusing species such as Cu would take ~200 years to migrate 1 nm at 77 K [32] .
In conclusion, we have described a versatile, low temperature method to introduce metal dopants into Si. We have shown that a UV source can be used to photo-degrade metal phthalocyanine thin films, and through SIMS and XANES measurements we have demonstrated UVinduced introduction of interstitial Mn into Si. We envisage that this process could be readily extended to other metal/organic/semiconductor combinations. Our procedure is clean, cheap and commercially viable, and so has a large potential for use in the development of nano-electronic devices. 
